CD4 T cells can respond to TCR signaling with full activation and the acquisition of effector functions or with anergy, a state of unresponsiveness characterized by the inability to proliferate and display effector functions, including cytokine secretion in response to secondary stimulation ([@bib41]). Two-signal models of T cell activation state that to elicit full T cell activation, TCR engagement must be accompanied by co-stimulation ([@bib41]). Full T cell activation and induction of *Il2* transcription is promoted by co-ligation of TCR and CD28 ([@bib46]; [@bib23]; [@bib12]) through activation of phospholipase Cγ (PLCγ)-1, Ras, and protein kinase Cθ (PKCθ), activation of the MAPK, JNK, PI3K/Akt, and IκB kinase (IKK) pathways, mobilization of intracellular calcium, and activation of the transcription factors NFAT, AP-1, CREB, and NF-κB, resulting in *Il2* transcription ([@bib50]). TCR engagement in the absence of CD28 co-stimulation results in limited AP-1 and NF-κB activity, defective transactivation of the *Il2* promoter, and induction of anergy ([@bib41]). The early secretion of IL-2 is a key event that discriminates productive activation from anergy ([@bib46]; [@bib23]; [@bib12]). IL-2 is necessary ([@bib9]) and sufficient ([@bib56]) to avoid anergy in response to TCR engagement through signaling pathways that include PI3K and mTOR ([@bib34]; [@bib24]), a PI3K-related Ser/Thr kinase that integrates signals from several pathways including TCR signaling and cellular metabolism ([@bib50]; [@bib34]; [@bib1]).

Anergy-inducing stimuli may act in part by inducing the degradation of signaling molecules ([@bib13]), and evidence that the activation versus anergy decision is affected by the abundance of signaling components comes from the involvement in this process of E3 ubiquitin ligases, enzymes that mediate the proteolytic turnover of signaling molecules: Cbl-b, Itch, and GRAIL are up-regulated in T cells under anergizing stimuli and required for anergy induction ([@bib33]). Similarly, caspase 3 promotes anergy by degrading GADS (Grb2-related adaptor of downstream of Shc) and Vav ([@bib37]). Hence, several negative regulators contribute to activation versus anergy discrimination by accelerating the turnover of signaling molecules downstream of the TCR. In addition to their turnover, the abundance of signaling components is determined by the transcriptional and posttranscriptional regulation of their production. microRNAs regulate gene expression at the posttranscriptional level through mRNA stability and translation ([@bib42]). microRNAs control multiple aspects of T cell differentiation and activation, from initial signaling events ([@bib22]) to the acquisition of effector functions and cytokine production ([@bib29]; [@bib43]), the resolution of T cell responses ([@bib55]; [@bib53]) and the choice of T cell fates including T helper cell lineage ([@bib29]; [@bib43]; [@bib2]; [@bib18]; [@bib20]), the formation of memory cells ([@bib20]), and regulatory T cell differentiation ([@bib6]; [@bib25]; [@bib57]; [@bib27]).

Because microRNAs can tune gene expression rather than switching expression on or off, they may preferentially affect signaling pathways that are sensitive to the dosage of their components ([@bib14]). In line with this idea, microRNA miR-181a promotes TCR sensitivity in developing thymocytes by targeting phosphatases that counteract TCR signaling ([@bib22]). The microRNA effector Ago2 is degraded in response to sustained T cell activation ([@bib3]) and many 3′ UTRs are shortened in activated T cells ([@bib39]), suggesting that successful T cell activation may temporarily remove a layer of microRNA control. Conversely, T cell activation is impaired when microRNA expression is increased by the deletion of the RNase Eri1 ([@bib45]).

To gain insight into the role of posttranscriptional regulation of signaling components we have examined CD4 T cell activation in the absence of the RNseIII enzyme Dicer, which is a key component of the microRNA biogenesis pathway ([@bib5], [@bib6]; [@bib29]). We found that Dicer-deficient CD4 T cells had an intrinsically low threshold for TCR signals and were competent to produce IL-2 in the absence of co-stimulatory signals. Co-stimulation--independent IL-2 production perpetuated T cell activation signals in an autocrine and paracrine fashion, abrogated the discrimination between activating and anergizing signals, and enabled T cell proliferation in response to TCR signals alone.

mRNA and protein expression profiling and analysis of TCR-induced signaling showed elevated phosphorylation of Akt S473 and S6 ribosomal protein, indicating hyperactivity of the mechanistic target of rapamycin (mTOR) complexes mTORC1 (which phosphorylates S6) and mTORC2 (which phosphorylates Akt on S473; [@bib40]) and overexpression of the mTOR complex components Mtor and Rictor. *Mtor* and *Rictor* transcripts were up-regulated at the posttranscriptional level, and targeted by microRNAs, including miR-16 and Let-7. Remarkably, we found that the key signaling abnormalities of microRNA-deficient CD4 T cells, namely increased Akt S473 phosphorylation and co-stimulation--independent *Il2* transcription were dependent on elevated Mtor and Rictor expression, and could be reversed by returning Mtor and Rictor to WT levels.

RESULTS
=======

Dicer-deficient CD4 T cells show heightened sensitivity to TCR signaling, IL-2 production, and proliferation in the absence of co-stimulation
---------------------------------------------------------------------------------------------------------------------------------------------

To deplete microRNAs from peripheral T cells, we reconstituted irradiated (CD45.1) hosts with allotypically marked CD45.2 ERt2Cre Dicer^wt/wt^ or ERt2Cre Dicer^lox/lox^ BM, and administered tamoxifen to fully reconstituted chimeras ([Fig. 1 a](#fig1){ref-type="fig"}). Naive CD25^−^ CD62L^hi^ CD45.2^+^ CD4 T cells isolated from these mice showed near-complete loss of *Dicer1* mRNA and a substantial reduction in the expression of Dicer-dependent microRNAs, including miR-16 and Let-7c ([Fig. 1 b](#fig1){ref-type="fig"}). Naive ERt2Cre Dicer^wt/wt^ and ERt2Cre Dicer^Δ/Δ^ CD25^−^ CD62L^hi^ CD4 T cells were activated with graded concentrations of plate-bound TCR antibody (H57) alone or in the presence of anti-CD28 as a source of co-stimulation. The percentage of cells expressing CD69 and CD25 was determined by flow cytometry 24 h later. In the presence of co-stimulation, both control (black bars) and Dicer-deficient CD4 T cells (red bars) initiated the expression of the activation markers CD69 ([Fig. 1 c](#fig1){ref-type="fig"}, left) and CD25 ([Fig. 1 c](#fig1){ref-type="fig"}, right). At limiting concentrations of TCR antibody, Dicer-deficient CD4 T cells were markedly more sensitive to TCR signals than control CD4 T cells, as indicated by a higher percentage of cells that expressed CD69 ([Fig. 1 c](#fig1){ref-type="fig"}, left) and CD25 ([Fig. 1 c](#fig1){ref-type="fig"}, right).

![**microRNA deficiency confers increased sensitivity to TCR signals.** (a) Irradiated CD45.1 hosts were reconstituted with CD45.2 ERt2Cre Dicer^wt/wt^ or ERt2Cre Dicer^lox/lox^ BM. After 8--12 wk, to allow for complete reconstitution, chimeras were given 1 mg tamoxifen i.p. on 5 consecutive days and naive CD45.2^+^ CD4 T cells were isolated 3 wk later. (b) Expression of microRNAs in peripheral CD4 T cells with ERt2Cre-mediated deletion of *Dicer*. Tamoxifen-induced deletion of *Dicer1* mRNA in CD4 T cells from ERt2Cre Dicer^lox/lox^ chimeras was around 99% as determined by quantitative RT-PCR (mean ± SE; *n* = 4; normalized to *Hprt1*; \*, P \< 0.05), and the expression of Dicer-dependent microRNAs, including miR-16 and Let-7c (mean ± SE; *n* = 4; normalized to *sno-135*; \*, P \< 0.05). (c) Naive ERt2Cre Dicer^wt/wt^ (black bars) and ERt2Cre Dicer^Δ/Δ^ (red bars) CD25^−^ CD62L^hi^ CD4 T cells were isolated and activated with the indicated concentrations of plate-bound anti-TCR+CD28. The percentage of cells expressing CD69 (left) or CD25 (right) was determined by flow cytometry 24 h later (mean ± SE; *n* = 4; \*, P \< 0.05). (d) Expression of Dicer-dependent microRNAs, including miR-16 and Let-7c, after CD4Cre-mediated deletion of *Dicer* (mean ± SE; *n* = 4; normalized to *sno-135*; \*, P \< 0.05). (e) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD25^−^ CD62L^hi^ or CD44^hi^ CD4 T cells were isolated by cell sorting and activated with the indicated concentrations of plate-bound anti-TCR+CD28. The percentage of cells expressing CD69 was determined by flow cytometry 24 h later (mean ± SE; *n* = 3). Dicer-deficient CD4 T cells (red bars) were compared with naive (black bars) or CD44^hi^ (gray bars) control CD4 T cells (\*, P \< 0.05). (f) Sensitivity of Dicer-deficient CD4 T cells to cognate peptide-MHC ligands. RAG1^−/−^, AND TCR transgenic CD4Cre Dicer^wt/wt^ or Dicer^lox/lox^ CD4 T cells were cultured with BM-derived dendritic cells loaded with the indicated concentrations of cognate peptide and the percentage of cells expressing CD69 was determined (mean ± SE; *n* = 3). (g) Left: ERt2Cre Dicer^wt/wt^ and Dicer^Δ/Δ^ CD4^+^ CD25^−^ CD62L^hi^ or cells were labeled with CFSE and activated with the indicated concentrations of plate-bound anti-TCR alone (top) or anti-TCR+CD28 (bottom). Cell division was assessed 48 h later by CFSE dilution. One representative experiment of 3 is shown. Right: mean ± SE of 3 independent biological replicates.](JEM_20132059R_Fig1){#fig1}

We used a developmentally regulated CD4Cre transgene as an additional approach to delete the *Dicer* locus. Although active from the double-positive stage of thymocyte development, CD4Cre only depletes microRNA from mature single-positive thymocytes and peripheral T cells ([@bib29]; [@bib6]; [Fig. 1 d](#fig1){ref-type="fig"}). We sorted naive CD25^−^ CD62L^hi^ CD4 T cells Dicer^lox/lox^ and CD4Cre Dicer^Δ/Δ^ cells. We also isolated Dicer^lox/lox^ CD44^hi^ CD4 T cells for comparison because CD4Cre Dicer^Δ/Δ^ CD4 T cells express slightly elevated levels of the microRNA target and activation marker CD44. At limiting concentrations of anti-TCR, a significantly higher percentage of Dicer-deficient CD4 T cells expressed CD69 ([Fig. 1 e](#fig1){ref-type="fig"}) and CD25 (not depicted) than either naive or CD44^hi^ control CD4 T cells. Experiments comparing CD4Cre Dicer^wt/wt^ versus CD4Cre Dicer^lox/lox^ instead of Dicer^lox/lox^ versus CD4Cre Dicer^lox/lox^ CD4 T cells gave indistinguishable results (unpublished data).

To test the sensitivity of Dicer-deficient CD4 T cells to peptide--MHC complexes on antigen-presenting cells (APCs) we generated mice harboring conditional Dicer alleles, CD4Cre and the AND TCR transgene ([@bib19]) on a Rag-deficient background. BM-derived APC pulsed with graded concentrations of cognate peptide elicited CD69 expression by significantly higher percentages of Dicer-deficient than control CD4 T cells ([Fig. 1 f](#fig1){ref-type="fig"}). This result confirmed heightened sensitivity of Dicer-deficient CD4 T cells to physiological TCR ligands.

Compared with control CD4 T cells, a greater percentage of ERt2Cre Dicer^Δ/Δ^ CD4 T cells entered the cell cycle and completed cell division in response to limiting concentrations of anti-TCR in combination with CD28 as judged by the dilution of CFSE. In marked contrast to control CD4 T cells, highly purified Dicer-deficient CD4 T cells proliferated in response to plate-bound anti-TCR in the absence of co-stimulation ([Fig. 1 g](#fig1){ref-type="fig"}). ERt2Cre Dicer^Δ/Δ^ CD4 T cells proliferated equally well in the absence and in the presence of anti-CD28, whereas control CD4 T cells depended on co-stimulation for efficient proliferation ([Fig. 1 g](#fig1){ref-type="fig"}). Co-stimulation--independent proliferation of Dicer-deficient CD4 T cells was confirmed in CD4Cre Dicer^Δ/Δ^ CD4 T cells (unpublished data).

ERt2Cre Dicer^Δ/Δ^ CD4 T cells produced strikingly higher amounts of IL-2 than control ERt2Cre Dicer^wt/wt^ CD4 T cells when they were stimulated with anti-TCR alone or limiting concentrations of anti-TCR+CD28 ([Fig. 2 a](#fig2){ref-type="fig"}, left). In addition to IL-2, Dicer-deficient CD4 T cells also produced significantly higher amounts of IFN-γ ([Fig. 2 a](#fig2){ref-type="fig"}, center) and TNF ([Fig. 2 a](#fig2){ref-type="fig"}, right). To examine cytokine production by Dicer-deficient CD4 T cells in a different experimental system we used CD4Cre-mediated deletion of Dicer ([@bib29]; [@bib6]). Over a wide range of activation conditions, CD4Cre Dicer^Δ/Δ^ CD25^−^ CD62L^hi^ CD4 T cells produced significantly more IL-2 ([Fig. 2 b](#fig2){ref-type="fig"}, left), IFN-γ ([Fig. 2 b](#fig2){ref-type="fig"}, center), and TNF ([Fig. 2 b](#fig2){ref-type="fig"}, right) than naive Dicer^lox/lox^ CD4 T cells or CD44^hi^ Dicer^lox/lox^ CD4 T cells. Furthermore, CD4Cre Dicer^Δ/Δ^ CD4 T cells transcribed substantial amounts of *Il2* mRNA when activated by anti-TCR in the absence of co-stimulation ([Fig. 2 c](#fig2){ref-type="fig"}, left) and secreted IL-2 protein at earlier times than control Dicer^lox/lox^ cells ([Fig. 2 c](#fig2){ref-type="fig"}, left). Dicer-deficient CD4 T cells activated transcription of the *Il2* gene faster (peak at 4 h) than control cells (peak at 24 h) and in the absence of co-stimulation ([Fig. 2 c](#fig2){ref-type="fig"}, right). Experiments comparing CD4Cre Dicer^wt/wt^ versus CD4Cre Dicer^lox/lox^ instead of Dicer^lox/lox^ versus CD4Cre Dicer^lox/lox^ CD4 T cells gave indistinguishable results (unpublished data). In vivo activation of Dicer-deficient CD4 T cells also induced significantly higher levels of *Il2* mRNA ([Fig. 2 d](#fig2){ref-type="fig"}). Hence, Dicer-deficient CD4 T cells showed heightened sensitivity to TCR signaling and did not require co-stimulatory signals for IL-2 production or proliferation.

![**Dicer-deficient CD4 T cells produce IL-2 in the absence of co-stimulation.** (a) Naive ERt2Cre Dicer^wt/wt^ and ERt2Cre Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were stimulated with 500 ng/ml plate-bound anti-TCR alone or anti-TCR+CD28. Production IL-2 (left), IFN-γ (middle), and TNF (right) was assessed 48 h later by ELISA (mean ± SE; *n* = 3). (b) Naive Dicer^lox/lox^ or CD4Cre Dicer^lox/lox^ CD4 T cells were activated with the indicated concentrations of plate-bound anti-TCR+CD28. Production IL-2 (left), IFN-γ (middle), and TNF (right) was assessed 48 h later by ELISA. CD44^hi^ Dicer^lox/lox^ CD4 T cells were included as a control (mean ± SE, *n* = 3). (c) Naive Dicer^lox/lox^ or CD4Cre Dicer^lox/lox^ CD4 T cells were activated with plate-bound anti-TCR alone or anti-TCR+CD28. Production IL-2 was assessed 48 h later by ELISA (left; mean ± SE; *n* = 3). The expression of *Il2* mRNA was assessed by quantitative RT-PCR at 0, 4, and 24 h (right, mean ± SE; *n* = 5, normalized to *Hprt1*). (d) Dicer^lox/lox^ and CD4Cre Dicer^lox/lox^ mice were injected with anti-CD3 (2C11, 10 µg). 3 h later, CD4^+^ CD25^−^ T cells were purified and *Il2* mRNA was quantified by qRT-PCR (mean ± SE; *n* = 6 mice in 3 independent experiments).](JEM_20132059_Fig2){#fig2}

Dicer-deficient CD4 T cells are resistant to the induction of anergy by TCR signaling in the absence of co-stimulation
----------------------------------------------------------------------------------------------------------------------

We next addressed the impact of TCR signals in the presence or absence of co-stimulation on the ability of CD4 T cells to produce IL-2 upon restimulation. After primary stimulation with anti-TCR+CD28, CD4 T cells readily produced IL-2 upon restimulation ([Fig. 3 a](#fig3){ref-type="fig"}) and a substantial amount of IL-2 was secreted ([Fig. 3, b and c](#fig3){ref-type="fig"}). Consistent with the operational definition of anergy ([@bib41]), IL-2 production occurred in a reduced percentage of control CD4 T cells that had previously been exposed to TCR signals in the absence of co-stimulation ([Fig. 3 a](#fig3){ref-type="fig"}), and IL-2 secretion was much lower ([Fig. 3, b and c](#fig3){ref-type="fig"}). In contrast, CD4Cre Dicer^Δ/Δ^ ([Fig. 3, a and b](#fig3){ref-type="fig"}) and ERt2Cre Dicer^Δ/Δ^ CD4 T cells ([Fig. 3 c](#fig3){ref-type="fig"}) produced IL-2 upon restimulation regardless of whether the primary stimulus consisted of anti-TCR+CD28 or anti-TCR alone. Dicer-deficient CD4 T cells exposed to activation by anti-TCR alone remained competent to produce not only IL-2, but also IFN-γ and TNF upon restimulation (unpublished data).

![**Dicer-deficient CD4 T cells use IL-2 to resist anergy induced by TCR signals in the absence of co-stimulation.** (a) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were subjected to primary stimulation with plate-bound anti-TCR alone or anti-TCR+CD28. The cells were restimulated with anti-TCR+CD28 and IL-2 production was determined 5h later by intracellular staining and flow cytometry (mean ± SE, *n* = 3 independent experiments). (b) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were subjected to primary stimulation with plate-bound anti-TCR alone or anti-TCR+CD28. The cells were restimulated with anti-TCR+CD28 and IL-2 production was assessed 48 h later by ELISA (mean ± SE, *n* = 3 independent experiments). (c) ERt2Cre Dicer^wt/wt^ and ERt2Cre Dicer^Δ/Δ^ CD4^+^ CD25^−^ T cells were subjected to primary stimulation with plate-bound anti-TCR alone or anti-TCR+CD28. The cells were restimulated with anti-TCR+CD28 and IL-2 production was assessed 48 h later by ELISA (mean ± SE, *n* = 4 independent experiments). (d) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were stimulated with graded concentrations of plate-bound anti-TCR alone in the presence or the absence of neutralizing anti--IL-2. Cells were restimulated with anti-TCR+CD28 and IL-2 production was determined 5 h later (mean ± SE; *n* = 2 independent experiments).](JEM_20132059_Fig3){#fig3}

Anergy resistance of Dicer-deficient CD4 T cells is mediated by IL-2
--------------------------------------------------------------------

IL-2 receptor signals are required for CD4 T cells to avoid anergy ([@bib50]). We therefore asked whether resistance of Dicer-deficient CD4 T cells to anergy relied on IL-2 production. When Dicer-deficient CD4 T cells were stimulated with anti-TCR in the presence of a neutralization antibody to IL-2, subsequent restimulation failed to elicit substantial IL-2 production, indicating that anergy had been induced ([Fig. 3 d](#fig3){ref-type="fig"}). We conclude that Dicer-deficient CD4 T cells escape from anergy by producing IL-2 independently of co-stimulatory signals.

Signaling events in Dicer-deficient CD4 T cells indicate a role for deregulated expression of mTOR components
-------------------------------------------------------------------------------------------------------------

To examine the mechanisms that enable Dicer-deficient CD4 T to produce IL-2 in the absence of co-stimulation we investigated signaling events downstream of the TCR. Time course analysis of tyrosine phosphorylation 2, 5, and 15 min after TCR ligation revealed no abnormalities (unpublished data). Ca^2+^ fluxes appeared slightly blunted in Dicer-deficient CD4 T cells, but the subsequent dephosphorylation of NFATc1 and NFATc2 was not substantially reduced or delayed (unpublished data). The TCR-induced phosphorylation of ERK1 and ERK2 appeared unchanged (unpublished data). Notably, however, the phosphorylation of Akt S473 was increased in Dicer-deficient CD4 T cells compared with control CD4 T cells after 2 h of activation with anti-TCR alone ([Fig. 4 a](#fig4){ref-type="fig"}, left) or with anti-TCR+CD28 ([Fig. 4 a](#fig4){ref-type="fig"}, right). pAkt S473 persisted for extended periods in Dicer-deficient CD4 T cells ([Fig. 4 a](#fig4){ref-type="fig"}). In contrast, pAkt T308 appeared to be unaffected ([Fig. 4 a](#fig4){ref-type="fig"}). TCR-induced PI3K activation results in Akt phosphorylation of threonine 308 (pAkt T308) by PDK1, whereas serine 473 (pS473) is phosphorylated by the mTORC2 complex ([@bib40]). The elevated and prolonged phosphorylation of Akt on S473 therefore indicates increased and persistent activation of mTORC2 in Dicer-deficient CD4 T cells.

![**Posttranscriptional deregulation of the mTOR components Mtor and Rictor and increased mTOR activity in Dicer-deficient CD4 T cells.** (a) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were stimulated in the absence (left) or in the presence (right) of anti-CD28 and immunoblotted for pAkt S473, pAkt T308, total Akt and LaminB as a loading control (one representative experiment of 3). (b) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were stimulated with anti-TCR in the presence or in the absence of anti-CD28. After 18 h of activation, the percentage of pS6^+^ cells was analyzed either immediately or after resting the cells for 1 or 3 h in the absence of anti-TCR (mean ± SE; *n* = 3 independent experiments). The inset shows pathways to Akt and S6 phosphorylation. (c) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were stimulated for 18 h with anti-TCR (100 ng/ml) and the phosphorylation of S6 ribosomal protein (pS6) was determined by intracellular staining and flow cytometry (representative of 3 independent experiments). (d) Statistically significant mRNA expression changes in Dicer-deficient CD4 T cells affect signaling molecules (Storey's q-value \< 0.05). (e) RNA was subjected to quantitative RT-PCR using primers specific for spliced (mature) or unspliced (primary) *Mtor* and *Rictor* transcripts (mean ± SE; *n* = 5 independent experiments, normalized to *Hprt1*). (f) Quantitative proteomic analysis shows signaling-related protein expression changes in Dicer-deficient CD4 T cells. (g) CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ CD4^+^ CD25^−^ T cells were analyzed for mTOR, Rictor, and Raptor protein expression (normalized to Lamin B, mean ± SE; *n* = 5 independent experiments). (h) Dicer-deficient CD4 T cells respond to TCR signals by IL-2 production and proliferation in the absence of co-stimulation and escape the induction of anergy in an IL-2--dependent manner. IL-2 sustains T cell activation even after TCR signals are withdrawn.](JEM_20132059_Fig4){#fig4}

Because Akt is an activator of mTORC1, we analyzed the phosphorylation of S6 ribosomal protein (pS6) by S6 kinase 1 (S6K1), which is a direct downstream target of mTORC1, as a proxy for mTORC1 activation (inset, [Fig. 4](#fig4){ref-type="fig"}). S6 was phosphorylated in a higher percentage of Dicer-deficient than control CD4 T cells in response to anti-TCR alone or anti-TCR+CD28 ([Fig. 4 b](#fig4){ref-type="fig"}). When CD4 T cells were activated for 18 h and subsequently removed from anti-TCR stimulation, pS6 persisted for longer in Dicer-deficient than in control CD4 T cells ([Fig. 4 b](#fig4){ref-type="fig"}). The addition of neutralizing IL-2 antibodies terminated pS6 upon removal of TCR signals, indicating that sustained mTORC1 activity in Dicer-deficient CD4 T cells was driven by IL-2 ([Fig. 4 c](#fig4){ref-type="fig"}). Hence, mTORC1 and mTORC2 activation was increased in Dicer-deficient CD4 T cells, and was maintained in response to co-stimulation--independent IL-2 production. Consistent with data that Akt can activate NF-κB via the degradation of IκB ([@bib16]; [@bib32]), TCR stimulation resulted in reduced IκBα expression and increased nuclear cRel translocation in Dicer-deficient CD4 T cells (unpublished data and this study).

mRNA expression profiling showed that several signaling-related transcripts were deregulated in Dicer-deficient CD4 T cells ([Fig. 4 d](#fig4){ref-type="fig"} and [Table S1](http://www.jem.org/cgi/content/full/jem.20132059/DC1){#supp1}). Transcripts encoding the mTOR subunits Mtor and Rictor were up-regulated (although not statistically significant after correction for multiple testing), and up-regulation was confirmed by quantitative RT-PCR analysis, which showed increased expression of mature (spliced) *Mtor* and *Rictor* transcripts in Dicer-deficient CD4 T cells ([Fig. 4 e](#fig4){ref-type="fig"}). Quantitative proteomics ([Fig. 4 f](#fig4){ref-type="fig"}) showed significantly increased Mtor and Rictor protein expression in Dicer-deficient CD4 T cells (2.2- and 2.6-fold, respectively; [Table S2](http://www.jem.org/cgi/content/full/jem.20132059/DC1){#supp2}), which was confirmed by Western blotting ([Fig. 4 g](#fig4){ref-type="fig"}).

Interestingly, quantitative RT-PCR analysis showed that only spliced but not unspliced *Mtor* and *Rictor* transcripts were up-regulated in Dicer-deficient CD4 T cells ([Fig. 4 e](#fig4){ref-type="fig"}). This indicates that the elevated expression of *Mtor* and *Rictor* was not explained by increased transcription, but rather by the loss of post-transcriptional regulation in Dicer-deficient CD4 T cells.

Summarizing the data so far, we find that Dicer-deficient CD4 T cells respond to TCR engagement in the absence of co-stimulatory signals by producing IL-2, which protects them from the induction of anergy and sustains T cell activation even after TCR signals are withdrawn ([Fig. 4 h](#fig4){ref-type="fig"}). Expression profiling at the mRNA and protein levels showed overexpression of the mTOR complex components Mtor and Rictor, which occurred as a result of posttranscriptional, rather than transcriptional, deregulation. This was consistent with signaling abnormalities detected in Dicer-deficient T cells; the activity of mTORC1 and mTORC2 was elevated as reflected by the increased phosphorylation of S6 ribosomal protein and Akt S473, respectively.

Elevated expression of mTOR components contributes to co-stimulation--independent *Il2* expression by microRNA-deficient CD4 T cells
------------------------------------------------------------------------------------------------------------------------------------

Consistent with aberrant S6 and Akt S473 phosphorylation described above, the expression of the mTOR components Mtor and Rictor was deregulated in Dicer-deficient CD4 T cells. mTOR and Rictor deregulation occurred at the posttranscriptional level, suggesting a potential involvement of microRNAs. Both Mtor and Rictor are validated microRNA targets in cancer cells ([@bib10]; [@bib30]; [@bib49]; [@bib48]) and Ago2 CLIP experiments had shown that the 3′ UTR sequences of *Mtor* and, in particular, *Rictor* mRNAs are extensively targeted by microRNA-containing RISC complexes in activated CD4 T cells ([@bib26]; [Fig. 5, a and b](#fig5){ref-type="fig"}, left). Based on this information and on data from heterologous reporter assays in 293T cells ([Fig. 5, a and b](#fig5){ref-type="fig"}, right) we devised a microRNA sensor to probe the impact of endogenous microRNAs on the *Mtor* and *Rictor* 3′UTR in CD4 T cells. This sensor contains a GFP reporter linked to the entire *Mtor* 3′UTR or a portion of *Rictor* 3′UTR (nt 3,000--4,200) and Cherry as an internal control for the normalization of GFP fluorescence. GFP-*Mtor* was de-repressed by the mutation of predicted binding sites for Let-7 and miR-16 ([Fig. 5 c](#fig5){ref-type="fig"}). GFP-*Rictor* 3′UTR expression was de-repressed by mutation of a conserved miR-16--binding site and by cotransfection locked nucleic acid (LNA) designed to inhibit miR-16, but not a control LNA ([Fig. 5 d](#fig5){ref-type="fig"}). Mtor and Rictor protein expression were reduced in Dicer-deficient CD4 T cells transfected with miR-16 and Let-7c microRNA mimics ([Fig. 5 e](#fig5){ref-type="fig"}) and increased in control CD4 T cells transfected with LNAs designed to antagonize miR-16 and the Let-7 family of microRNAs ([Fig. 5 f](#fig5){ref-type="fig"}). Given the length and extensive targeting of the *Rictor* 3′ UTR by Ago2 ([@bib26]), these experiments are unlikely to be exhaustive, but they support a role for endogenous microRNAs including miR-16 and Let-7 in modulating *Mtor* and *Rictor* expression in CD4 T cells.

![**microRNA regulation of the mTOR components Mtor and Rictor.** (a, left) Schematic of the *Mtor* 3′UTR with Ago2 CLIP results ([@bib26]), predicted microRNA-binding sites, and mutations introduced into predicted miR-16 and Let-7 sites (red, numbers indicate nucleotide positions). (right) 293T cells were cotransfected with firefly luciferase reporter constructs containing the *Mtor* 3′UTR, Renilla luciferase plasmids, and plasmids driving the expression of microRNAs predicted to target the *Mtor* 3′UTR (miRecords; [@bib52]). Firefly over Renilla luciferase ratios were determined (mean ± SE; *n* = 3 independent experiments with triplicate wells) and miR-195, miR-16, and Let-7c had statistically significant effects (P \< 10^−4^; P \< 0.001; and P \< 0.01. (b) Schematic of the *Rictor* 3′UTR with predicted microRNA-binding sites, mutations introduced into a conserved *Rictor* miR-16 site (red), and Ago2 CLIP. 293T cells were transfected with firefly luciferase reporter constructs containing 1-kb sections of the *Rictor* 3′UTR along with control Renilla luciferase plasmids and plasmids driving the expression of the indicated microRNAs. Firefly over Renilla luciferase ratios were determined (mean ± SE; *n* = 3 independent experiments with triplicate wells) and showed statistically significant effects for miR-16 and Let-7c, the p-values are, respectively, for the 1,000--2,000 part: P \< 0.05 and P \< 0.01; for the 2,000--3,000 part: P \< 0.01; and for the 3,000--4,200 part: P \< 10^−5^. (c) CD4 T cells were transfected with GFP constructs containing the WT *Mtor* 3′UTR or Let-7 and/or miR-16--binding site mutants along with Cherry control constructs. The ratio of GFP and Cherry fluorescence was determined by flow cytometry (mean ± SE; *n* = 3 independent experiments). (d) CD4 T cells were transfected with GFP constructs containing WT or miR-16 binding site mutant of the *Rictor* 3′UTR (nucleotides 3,000--4,200) in the presence or absence of control or mIR-16 family directed LNA as indicated along with Cherry control constructs. The ratio of GFP and Cherry fluorescence was determined by flow cytometry (mean ± SE; *n* = 3 independent experiments). (e) Dicer-deficient (left) or control (right) CD4 T cells were transfected with the indicated microRNA mimics and, 30 h later, the expression of the mTOR components Mtor, Rictor, and Raptor was assessed by immunoblotting in comparison to Dicer^lox/lox^ control CD4 T cells (mean ± SE, *n* = 3 independent experiments, one representative blot is shown). (f) Control (left) or Dicer-deficient (right) CD4 T cells were transfected with the indicated LNA oligonucleotides to antagonize endogenous microRNAs and, 30 h later, the expression of mTOR components was assessed by immunoblotting in comparison to CD4Cre Dicer^Δ/Δ^ CD4 T cells (mean ± SE; *n* = 4 independent experiments, one representative blot is shown).](JEM_20132059_Fig5){#fig5}

Collectively, the results of our signaling studies, protein and mRNA expression data, and evidence that mTOR components are targeted by microRNAs in CD4 T cells, implicated Mtor and Rictor as potential mediators of aberrant responses to TCR signaling in microRNA-deficient CD4 T cells.

As a genetic approach to address the contribution of Mtor and Rictor overexpression, we examined Dicer-deficient CD4 T cells that lacked one copy of *Mtor* and *Rictor*. The expression of Mtor and Rictor was elevated in Dicer-deficient CD4 T cells, but expression levels were returned to near normal in CD4Cre *Dicer*^lox/lox^ *Mtor*^lox/wt^ *Rictor*^lox/wt^ CD4 T cells ([Fig. 6, a and b](#fig6){ref-type="fig"}). Interestingly, heterozygosity in both *Mtor* and *Rictor* corrected the activation-induced phosphorylation of Akt S473 in Dicer-deficient CD4 T cells to near WT levels ([Fig. 6 c](#fig6){ref-type="fig"}). Remarkably, the co-stimulation--independent expression of *Il2*, *Ifng*, and *Tnf* mRNA in Dicer-deficient CD4 T cells and the overproduction of IL-2, IFN-γ, and TNF protein were at least partially corrected by returning Mtor and Rictor to near-normal levels ([Fig. 6 d](#fig6){ref-type="fig"}). Heterozygosity in *Mtor* and *Rictor* also reduced the heightened responsiveness of Dicer-deficient CD4 T cells to limiting concentrations of anti-TCR as assessed by the induction of the activation markers CD69 and CD25 (P = 0.0063 for CD69; P = 0.0053 for CD25; unpublished data). Hence, despite the deregulated expression of numerous signaling components in Dicer-deficient CD4 T cells, correcting the overexpression of Mtor and Rictor was sufficient to significantly redress the key signaling abnormalities in these cells.

![**The deregulated expression of Mtor and Rictor contributes to increased Akt S473 phosphorylation and co-stimulation--independent IL-2 production by Dicer-deficient CD4 T cells.** (a) Outline of rationale for generating *Mtor* and *Rictor* heterozygous CD4 T cells on a Dicer-deficient background. (b) Expression of mTOR, Rictor, and Raptor protein in Dicer^lox/lox^, CD4Cre Dicer^Δ/Δ^, and CD4Cre Dicer^Δ/Δ^ Rictor^Δ/WT^ Mtor^Δ/WT^ CD4^+^ CD25^−^ T cells (mean ± SE; *n* = 4 independent experiments). (c) Dicer^lox/lox^, CD4Cre Dicer^Δ/Δ^, and CD4Cre Dicer^Δ/Δ^ Rictor^Δ/WT^ Mtor^Δ/WT^ CD4^+^ CD25^−^ T cells were activated with plate-bound anti-TCR (500 ng/ml) in the absence (top) or in the presence (bottom) of anti-CD28 for 0, 2, or 8 h and immunoblotted for pAkt S473 and LaminB as a loading control (representative of three independent experiments). (d) Dicer^lox/lox^, CD4Cre Dicer^Δ/Δ^, and CD4Cre Dicer^Δ/Δ^ Rictor^Δ/WT^ Mtor^Δ/WT^ CD4^+^ CD25^−^ T cells were activated with anti-TCR (500 ng/ml). The expression of cytokine mRNA was assessed by quantitative RT-PCR (left; mean ± SE; *n* = 3, normalized to *Hprt1*) and cytokine secretion was determined by ELISA (right; mean ± SE; *n* = 3 independent experiments). (top) IL-2; (middle) IFN-γ; (bottom) TNF.](JEM_20132059_Fig6){#fig6}

Although heterozygosity in either *Mtor* or *Rictor* alone was not sufficient to correct co-stimulation--independent IL-2 production (data not shown) we noticed that Raptor protein expression was elevated in CD4Cre *Dicer*^lox/lox^ that were heterozygous for Rictor (*Rictor*^lox/wt^) but WT for *Mtor* (*Mtor*^wt/wt^; unpublished data). This compensatory up-regulation of Raptor was not seen in CD4Cre *Dicer*^lox/lox^ *Mtor*^wt/wt^ *Rictor*^wt/wt^ CD4 T cells ([Fig. 4 h](#fig4){ref-type="fig"}), in CD4Cre *Dicer*^lox/lox^ *Mtor*^lox/wt^ *Rictor*^lox/wt^ CD4 T cells ([Fig. 6 b](#fig6){ref-type="fig"}), or in mature Dicer-deficient CD4 T cells during acute siRNA-mediated knockdown of *Rictor* ([Fig. 7 a](#fig7){ref-type="fig"}). We titrated siRNA oligonucleotides so that Rictor protein expression in Dicer-deficient CD4 T cells was reduced to levels resembling control CD4 T cells ([Fig. 7 a](#fig7){ref-type="fig"}). This was sufficient to significantly reduce elevated Akt S473 phosphorylation ([Fig. 7 b](#fig7){ref-type="fig"}), NF-κB translocation ([Fig. 7 c](#fig7){ref-type="fig"}), and co-stimulation--independent IL-2 expression ([Fig. 7 d](#fig7){ref-type="fig"}) in Dicer-deficient CD4 T cells.

![**Partial correction of Akt S473 phosphorylation, nuclear translocation of NF-κB, and co-stimulation--independent IL-2 production by transient knockdown of Rictor in Dicer-deficient CD4 T cells.** (a) siRNA-mediated knockdown of Rictor in Dicer-deficient CD4 T cells affects Rictor but not Raptor expression (mean ± SE; *n* = 4 independent experiments). (b) Naive CD4Cre Dicer^Δ/Δ^ and control Dicer^lox/lox^ CD4 T cells were activated with anti-TCR for 2 h and analyzed by immunoblotting with antibodies to Akt, pAkt Ser473; and Lamin B for normalization (mean ± SE; *n* = 3 independent experiments; \*, P \< 0.05). (c) Naive CD4Cre Dicer^Δ/Δ^ and control Dicer^lox/lox^ CD4 T cells were activated with anti-TCR for 3 h and the nuclear translocation cRel was determined (ImageStream similarity scores \> 0.5; mean ± SE; *n* = 3 independent experiments). (d) Naive CD4Cre Dicer^Δ/Δ^ and control Dicer^lox/lox^ CD4 T cells treated as in a) were activated with anti-TCR or anti-TCR+CD28 and secreted IL-2 was quantified by ELISA after 18 h (mean ± SE; *n* = 3 independent experiments).](JEM_20132059_Fig7){#fig7}

Biological significance
-----------------------

On their own, Dicer-deficient CD4 T cells have limited capacity as effector cells, as indicated by observations that in the absence of T reg cells, Dicer-deficient CD4 T cells cause immunopathology with delayed onset compared with WT CD4 T cells ([@bib6]). We therefore analyzed the extent to which IL-2 produced by Dicer-deficient CD4 T cells can influence the decision making by other T cells in a paracrine fashion. To determine whether the anergy resistance of Dicer-deficient CD4 T cells was cell-autonomous we performed co-culture experiments. When Thy1.1^+^ control CD4 T cells and Thy1.2^+^ CD4Cre Dicer^Δ/Δ^ CD4 T cells were stimulated separately with anti-TCR, Dicer-deficient, but not control CD4 T cells produced IL-2 upon restimulation ([Fig. 8 a](#fig8){ref-type="fig"}). Interestingly, when Thy1.1^+^ control and Thy1.2^+^ Dicer-deficient CD4 T cells were stimulated with anti-TCR in co-culture, both Dicer-deficient and control cells produced IL-2 upon restimulation ([Fig. 8 a](#fig8){ref-type="fig"}). This indicated that Dicer-deficient CD4 T cells not only escaped anergy, but also could prevent anergy induction in WT CD4 T cells.

![**Functional relevance of IL-2 produced by Dicer-deficient CD4 T cells in the absence of co-stimulation.** (a) Resistance of Dicer-deficient CD4 T cells to anti-TCR--induced anergy is contagious. Thy1.1^+^ control and Thy1.2^+^ CD4Cre Dicer^Δ/Δ^ CD4^+^ CD25^−^ T cells were cultured either alone or as a mixture (mix) on plate-bound anti-TCR (500 ng/ml, left; graded concentrations, right). IL-2 production was determined 5 h after restimulation with anti-TCR+CD28 using Thy1.1 to distinguish control CD4 T cells from Dicer-deficient CD4 T cells (mean ± SE; *n* = 2 independent experiments). (b) CD45.1 *Il2*-deficient CD4 T cells were activated with anti-TCR alone or with anti-CD3+CD28 in the presence of TGF-β (1 ng/ml). Where indicated, cultures were supplemented with CD45.2 control or Dicer-deficient CD4 T cells. *Il2*-deficient CD4 T cells alone were unable to induce Foxp3. In the presence of co-stimulatory signals, both control and Dicer-deficient CD4 T cells could rescue Foxp3 induction in *Il2*-deficient CD4 T cells. In the absence of co-stimulation, only Dicer-deficient CD4 T cells were able to facilitate Foxp3 induction in *Il2*-deficient CD4 T cells (mean ± SEM; *n* = 3 independent experiments).](JEM_20132059_Fig8){#fig8}

To assess the potential relevance of co-stimulation--independent IL-2 secretion by Dicer-deficient CD4 T cells by an independent approach, we addressed its impact on *Il2*-deficient CD4 T cells, which have a severe defect in the expression of inducible Foxp3 in response to activation in the presence of TGFβ ([Fig. 8 b](#fig8){ref-type="fig"}). When activated on their own, *Il2*-deficient CD4 T cells were unable to induce Foxp3, regardless of co-stimulatory signals ([Fig. 8 b](#fig8){ref-type="fig"}). Co-culture with control CD4 T cells restored Foxp3 induction in *Il2*-deficient CD4 T cells in response to CD3+CD28, but not anti-TCR alone. In contrast, the presence of Dicer-deficient CD4 T cells enabled *Il2*-deficient CD4 T cells to induce Foxp3 expression in the absence of co-stimulation ([Fig. 8 b](#fig8){ref-type="fig"}). Hence, IL-2 derived from Dicer-deficient CD4 T cells can override the induction of anergy in control CD4 T cells and restore inducible Foxp3 expression in *Il2*-deficient CD4 T cells.

DISCUSSION
==========

Our findings indicate that the ability of CD4 T cells to discriminate between activating and anergizing stimuli requires microRNA-mediated post-transcriptional regulation of the mTOR components Mtor and Rictor. To the best of our knowledge, mTOR components had not previously been shown to be regulated by microRNAs in the immune system. However, Mtor ([@bib30]; [@bib10]) and Rictor ([@bib49]; [@bib48]) are validated microRNA targets in cancer, where deregulated mTOR activity contributes to cellular survival and proliferation. The 3′UTR of Rictor in particular is extensively targeted by Ago-2 containing RISC complexes in CD4 T cells ([@bib26]) and our experiments show that miR-16 and Let-7 family members are among the microRNAs that regulate Mtor and Rictor expression.

Co-stimulation--independent IL-2 production is central to the phenotype of Dicer-deficient CD4 T cells, and linked to increased phosphorylation of Akt by overexpression of Rictor and Mtor. Transcription of *Il2* is regulated by integration of signals that emanate from the TCR and co-stimulatory receptors such as CD28 and converge on the *Il2* locus through NF-κB, NF-AT, and AP-1 ([@bib17]; [@bib28]). Akt is upstream of mTORC1 and downstream of mTORC2 ([@bib40]) and in its activated state may replace CD28 signals in the transcriptional regulation of *Il2* through the Carma1--Bcl10--Malt1 (CBM) complex ([@bib16]). In addition to Akt, mTORC2 regulates PKCθ ([@bib21]), and together PKCθ and Akt facilitate the nuclear translocation of NF-κB, which drives *Il2* expression in association with NF-AT and AP-1 ([@bib17]; [@bib28]). Once initiated, IL-2 production can perpetuate T cell activation, and we have shown that IL-2 prolongs the pS6 and pAkt S473 phosphorylation in Dicer-deficient CD4 T cells, even when TCR signals are withdrawn. Persistent mTORC1 activation correlates with successful T cell activation and supports the increased metabolic demands of T cell activation, proliferation, and the acquisition of effector functions ([@bib15]). Importantly, co-stimulation--independent IL-2 production not only allows Dicer-deficient CD4 T to escape anergy and to proliferate in an autocrine fashion, but also acts in a paracrine fashion to enable WT CD4 T cells to avoid anergy in the absence of co-stimulatory signals, and to allow Foxp3 induction in *Il2*-deficient CD4 T cells.

Regulation by microRNAs is often combinatorial, with multiple microRNAs regulating multiple targets. In some cases, however, individual microRNA targets can be identified that account for micro-RNA-dependent phenotypes ([@bib22]; [@bib51]). Mtor and Rictor are by no means the only signaling components deregulated in Dicer-deficient CD4 T cells ([Fig. 6, a and b](#fig6){ref-type="fig"}). Nevertheless, our experiments with *Rictor* and *Mtor* compound heterozygous, Dicer-deficient CD4 T cells provide a striking demonstration that the microRNA targets Rictor and Mtor are key to co-stimulation--independent IL-2 production. Correcting the elevated expression of Mtor and Rictor was sufficient to alleviate increased Akt S473 phosphorylation and co-stimulation--independent IL-2 production in Dicer-deficient CD4 T cells. This result indicates that the deregulated expression of mTOR components is a major contributor to co-stimulation--independent IL-2 production in Dicer-deficient CD4 T cells.

In signaling networks, individual components, or nodes, can be critical for network output, in particular nodes with integrator function such as mTOR complexes. microRNAs and their target mRNAs frequently participate in feed-forward regulation ([@bib47]). In the scenario described here, a feed-forward loop exists between the intracellular PI3K--Akt--mTOR signaling network and the production of the extracellular signaling molecule IL-2. The result of this feed-forward loop is self-sustaining network activity, which is interrupted when extracellular IL-2 is neutralized.

A fundamental insight of the work presented here is that the deregulated expression of Mtor and Rictor contributes significantly to the increased mTOR activity observed in response to TCR stimulation of Dicer-deficient CD4 T cells. Hence, the biochemical and functional activity of mTOR, especially mTORC2, is restrained by microRNA-mediated regulation of Mtor and Rictor expression. Increased mTORC2 activity led to increased IL-2 production in Dicer-deficient cells. To what extent mTOR becomes biochemically rate limiting when the expression of mTOR components is reduced to lower than normal levels may be condition dependent. Published results suggest either a decrease or no apparent change in IL-2 production when Rictor expression is reduced genetically ([@bib21]; [@bib8]) and the up-regulation of Raptor we observe after CD4Cre-mediated deletion of *Rictor* suggests the potential for compensatory mechanisms during T cell development.

Although previous work on the regulation of T cell anergy had emphasized the importance of E3 ligases that connect the activation of signaling components to their proteolytic degradation in the immune system ([@bib33]), our data makes the point that the controlled production of signaling components, not just their degradation, contributes to activation versus anergy discrimination.

Autoimmunity and immune pathology in microRNA-deficient mice may be attributable not just to T cell activation in the absence of co-stimulation, but also to reduced regulatory T cell numbers and activity ([@bib6]; [@bib4]; [@bib25]; [@bib57]; [@bib27]), overproduction of IFN-γ linked to the T-box transcription factors and miR-29 targets T-bet and Eomes ([@bib43]), and TNF, which is controlled by miR-146a via TRAF6, IRAK, RelB, and NF-κB pathway activation ([@bib44]). The severity of the resulting phenotypes is limited because microRNA-deficient T cells show poor long-term effector function and survival ([@bib5]; [@bib29]; [@bib4]; [@bib25]; [@bib57]; [@bib43]).

Previous studies had linked mTOR activation to anergy by demonstrating that the mTOR inhibitor rapamycin causes CD4 T cell anergy irrespective of co-stimulation ([@bib35]; [@bib28]; [@bib34]). In considering the interplay between Dicer and the mTOR pathway in CD4 T cells, it is noteworthy that rapamycin treatment can restore an anergic state to Dicer-deficient CD4 T cells (unpublished data) despite the elevation of Mtor and Rictor protein levels. Of note, prolonged (\>8 h) rapamycin treatment of WT CD4 T cells eliminated their capacity for TCR/CD28-induced Akt S473 phosphorylation, which is indicative of reduced mTORC2 activity ([@bib40]; [@bib21]; [@bib8]). Rapamycin also diminished the phosphorylation of Akt on S473 phosphorylation in human Jurkat T cells in vitro and in mouse thymocytes in vivo ([@bib40]), suggesting that rapamycin could exert its effect as an immunosuppressant in part by establishing an anergic state in vivo. However, the overall impact of rapamycin-induced anergy in conventional CD4 T cells may be counterbalanced by a decrease in mTOR-dependent T reg cell activity ([@bib36]; [@bib54]).

MATERIALS AND METHODS
=====================

### Mice, flow cytometry, cell sorting, and culture.

Animal work was performed under a UK Home Office Project Licence according to the Animals (Scientific Procedures) Act, UK. Mice carrying floxed Dicer ([@bib5]) or mTOR ([@bib38]) alleles in combination with CD4Cre or ERt2Cre transgenes on a mixed C57BL/129 background and Thy1.1 congenic C57BL/6 mice were maintained under specific pathogen--free conditions.

For the generation of BM chimeras, C57BL/6 CD45.1 x CD45.2 mice were lethally irradiated and reconstituted i.v. with a mixture of T cell--depleted IL2KO CD45.1 and either Dicer lox/lox or *CD4Cre Dicer^lox/lox^* CD45.2 BM cells. In a separate set of experiments, C57BL/6 CD45.1 irradiated recipient were reconstituted with ERt2Cre^+^ Dicer^wt/wt^ or ERt2Cre^+^ Dicer^lox/lox^ CD45.2 BM cells. Chimeras were analyzed 8--12 wk after reconstitution. Deletion of Dicer was induced by injection of ERt2Cre^+^ Dicer^wt/wt^ or ERt2Cre^+^ Dicer^lox/lox^ mice, ERt2Cre^+^ Dicer^wt/wt^ or ERt2Cre^+^ Dicer^lox/lox^ chimeras 1 mg tamoxifen i.p. twice daily for 5 d. Analysis was done on day 21.

Cells were stained, analyzed, and sorted on Calibur, DIVA, or Aria flow cytometers (BD) as previously described ([@bib5]). In some experiments, cells were sorted using magnetic beads (Miltenyi Biotec). Antibodies used were as follows: CD25-PE, CD25-APC, CD69-FITC, CD62L-PE Thy1.1-biotin, anti--IL-2 PE, anti--IFN-γ APC, anti-TNF FITC (BD), CD4-TC (Invitrogen); pS6 (Cell Signaling Technology) anti-Rabbit Ig FITC (Invitrogen).

Anergy was induced by stimulation on anti-TCR--coated plates in the absence of anti-CD28. Cells were replated after 24 h, allowed to rest for 24 h, and restimulated for 5 h. Cytokine production was measured by intracellular staining or by ELISA.

T cell activation in vivo was induced by intraperitoneal injection of anti-CD3 (10 µg, 2C11; eBioscience). For CFSE labeling, 5--10 × 10^6^ cells/ml were incubated for 8 min at 37°C with 10 µg/ml of CFSE in PBS.

For intracellular staining, 1--2 × 10^5^ T cells were stimulated for 5 h in flat bottom 96-well plates coated with 500 ng/ml anti-TCR (H57) and 2 µg/ml soluble anti-CD28 (BD) in the presence of Golgi-stop, permeabilized with Cytofix/Cytoperm (BD) and stained with the indicated antibodies. Where indicated, recombinant IL-2 (R&D Systems) was used at 5 ng/ml and anti--IL--2 (S4B6; BD) at 10 µg/ml.

### ELISA.

IL-2, IFN-γ, and TNF were measured by ELISA according to the supplier's instructions (R&D Systems).

### Immunoblotting.

Standard immunoblotting techniques were used with the following antibodies: phosphotyrosine (4G10; EMD Millipore), Lamin B (C20; Santa Cruz Biotechnology, Inc.), phosphoAkt Thr308 (244F9, 4056), phosphoAkt Ser473 (9271), Akt1 (2H10, 2967), mTOR (7C10), Rictor (53A2), and Raptor (24C12; Cell Signaling Technology). Blots were quantified using fluorescent secondary antibodies and an Odyssey system (Licor).

### Proteomics.

The mouse T cell line EL4 was labeled for five passages in Dulbecco's modified Eagle's medium (Invitrogen) devoid of arginine and lysine and supplemented with 10% dialyzed fetal bovine serum (Invitrogen, 26400--044); 3.5 mg/ml glucose (to a final concentration of 4.5 mg/ml); 0.1 mm nonessential amino acids without arginine, lysine, and proline; 100 U/ml penicillin/streptomycin (Invitrogen); 2 mm Glutamax (Invitrogen); 100 β-mercaptoethanol (Sigma-Aldrich) and arginine and lysine with heavy (13C) carbons and (15N) nitrogens (Arg10; Cambridge Isotope Laboratories; Lys8, Cambridge Isotope Laboratories) at 28 µg/ml for arginine and 49 µg/ml for lysine. CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ control CD4 T cells were freshly isolated ex vivo and therefore contained arginine and lysine with normal light (12C) carbons and (14N) nitrogens. Incorporation of labeled amino acids was verified as previously described ([@bib11]). Cell lysates were prepared as previously described ([@bib11]) and EL4 cell lysates were mixed 1:1 with either CD4Cre Dicer^Δ/Δ^ or Dicer^lox/lox^ control CD4 T cell extracts, processed, gel fractionated, in-gel digested, and subjected to isoelectric focusing of peptides and high resolution analysis on a linear ion trap-orbitrap instrument (LTQ-Orbitrap) as previously described ([@bib11]). Mass spectra were acquired using Xcalibur software and analyzed using MaxQuant ([@bib7]; version 1.0.4.11) with a false positive rate of 5% at the peptide level and 1% at the protein level. Peptide ratios between heavy EL4 cells and either light CD4Cre Dicer^Δ/Δ^ or Dicer^lox/lox^ control CD4 T cells to derive a ratio of ratios between CD4Cre Dicer^Δ/Δ^ and Dicer^lox/lox^ control CD4 T cells. Annotations were extracted from the European Bioinformatics Institute Gene Ontology Annotation (GOA) Mouse 36.0 release containing 34,888 proteins.

### Quantitative RT-PCR.

Total RNA was isolated using RNAbee (AMS Biotech) and reverse transcribed using Superscript III (Invitrogen). Real-time PCR analysis was performed on an Opticon DNA engine (MJ Research Inc.). The dissociation curve was analyzed for each sample. Relative level of the target sequence against the reference sequence was calculated using the ΔΔ cycle threshold method. Primer sequences were as follows: *Hprt1* forward, 5′-TCAGTCAACGGGGGACATAAA-3′, *Hprt1* reverse 5′-GGGGCTGTACTGCTTAACCAG-3′; *Il2* forward, 5′-GTGCCTAGAAGATGAACTTGGA-3′, *Il2* R 5′-AAATGTGTTGTCAGAGCCCT-3′, *Dicer1* forward, 5′-TATCGCCTTCACTGCCTTCT-3′ *Dicer1* reverse, 5′-TTTTCCACCCGAAGTCTAAGTT-3′; spliced *Mtor* forward 5′-ACCGGCACACATTTGAAGAAG-3′ *Mtor* reverse, 5′-CTCGTTGAGGATCAGCAAGG-3′; spliced *Rictor* forward, 5′-ACCGACACCATCACCATGAAG-3′ *Rictor* reverse, 5′-GACACCATAGACCTAACTGAGGA-3′; unspliced *Mtor* forward, 5′-TACCGGGTGAGAGATGGGTC-3′ *Mtor* reverse, 5′-CACAGTGAGCAGGAGAGAG-3′; unspliced *Rictor,* forward 5′-TGGTGGTAAAAGAGTGGC-3′ *Rictor* reverse 5′-GTGTAAGTCAGAGGACGG-3′. microRNAs were quantified using miScript RT and qPCR kits according to the manufacturer's instructions (QIAGEN).

### Reporter constructs.

The full-length 3′UTRs of mTOR and Rictor were amplified from genomic DNA (*Mtor* forward 5′-CTGAGGCCTGGAAAACCACGTCGTCTCC-3′, reverse 5′-TATGCTTTTA­AAATTCTGATG­TCATTTATTGG-3′; *Rictor* forward 5′-CCTCATGCTTATGACGTTTATAGCTGG-3′, reverse 5′-AAGAATTTTA­AGTACATTTTA­TTAACAATG-3′) and cloned into pmaxGFP (Amaxa) or pRL (Promega). Mutants were made by site directed mutagenesis using the primers: Mtor let-7 site 5′-CCACTATCCTGTTtggagaACCCGTCCCTGG-3′, miR-16 site 5′-CCAACCTCCTAGCTcgacgaGAAAAGACACTGTC-3′, Rictor miR-16 site in 3,000--4,200 fragment 5′-GACCTTTTTTTTTTTTTTTTTAGTAATACcgacgatCATTTTTGGAGG-3′. A pmaxCherry plasmid was used as a transfection control.

### Luciferase assays.

Control or 3′UTR bearing Firefly constructs alongside Renilla control plasmids were transfected into 293T cells. Cells were cotransfected with empty or microRNA containing MIG plasmid. Luciferase luminescence was determined 36 h later. Ratios between Firefly and Renilla were normalized to the ratios obtained when the empty MIG plasmid was used.

### miRNA mimics and LNAs.

miRNA mimics (miRIDIAN) supplied by Thermo Scientific and used according to manufacturer instructions. LNAs targeting miRNA family seed sequences (Exiqon) were designed and used as described ([@bib31]).

### Online supplemental material.

Table S1 shows differentially expressed signaling-related mRNAs in Dicer-deficient CD4 T cells identified by gene expression arrays. Table S2 shows differentially expressed signaling-related proteins in Dicer-deficient CD4 T cells identified by quantitative proteomics. Table S3 shows densitometry values of scanned western blots. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20132059/DC1>.
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